The study investigated the influence of reactive (enamel) and un-reactive (glass) substrates on photo-polymerization of self-etching adhesives. Two commercial adhesives Adper Prompt L-Pop (APLP, pH~0.8) and Adper Easy Bond (AEB, pH~2.5) were applied onto prepared enamel and glass substrates using the same protocol. Micro-Raman spectroscopy was employed to determine the degree of conversion (DC) and the involved mechanism. DC of APLP was dramatically enhanced from ~9.4% to ~82.0% as when changing from glass to enamel, while DC of AEB on both substrates showed no difference. The DC distributions along the adhesive layers of the APLP and AEB on enamel showed descending and constant trends, respectively. Spectral analysis disclosed that the difference in chemical reaction of the two adhesives with enamel might be associated with the results. The chemical reaction of the adhesives with enamel significantly improved the DC of the strong APLP, but not that of the mild AEB.
Introduction
The chemical reaction/interaction between functional, acidic monomers of self-etching adhesives and hydroxyapatite (HAp) recently gained attention due to its potential benefit to the interfacial bond strength with tooth substrates [1] [2] [3] . An "adhesion/decalcification" concept has been used to describe the functional monomer/HAp chemical interaction based on the stability of the formed monomer-calcium salts/complexes. A functional, self-etching monomer may remain adhesion to the tooth substrates (enamel and dentin), in case the monomer-calcium salt is hydrolytically stable; or if the monomer-calcium salt is soluble, decalcification will occur to release calcium and phosphate from the tooth substrates. Following this mechanism, the manner of acidic monomers chemically reacting/interacting with HAp is a key factor in determining the resultant performance of self-etching adhesives.
Investigations of chemical reaction/interaction of self-etching adhesives with HAp so far have been limited to interfacial bonding strengths 1, 4, 5) and morphology 6, 7) , despite that the interaction may influence all aspects of the resulting bonded system. Due to the essential role of the monomer conversion [8] [9] [10] in formation of a strong bond, effect of the functional monomer/HAp interaction on photopolymerization of self-etching adhesives has been studied 11) . The polymerization efficacies of two commercially available self-etching adhesives -the strong Adper Prompt L-Pop (APLP, pH~0.8) and the mild Adper Easy Bond (AEB, pH~2.5) incorporated with different amount of HAp powder were investigated. The obtained degree of conversion (DC) and polymerization rate of the two adhesives showed distinct dependence on the added HAp. It was suggested that the results were due to different chemical reaction of the two self-etching adhesives with HAp.
In continuation of the above-mentioned research, current study was intended to investigate the self-etching monomer/HAp interaction on photopolymerization of the mild and strong self-etching adhesives when practically applied onto a tooth substrate-enamel. Since APLP and AEB are from the same manufacturer and present with similar chemical composition (both are methacrylated phosphoric esters-and camphorquinone-based), we were able to make comparison on their photopolymerization. In addition, the considerable difference in acidity further provided a great opportunity to investigate the role of aggressiveness as well as the acidic monomer/HAp reaction influenced by the aggressiveness in the photopolymerization behaviors. DCs of the adhesive layers of APLP and AEB were investigated by using micro-Raman spectroscopy. Raman scattering has been shown to be a powerful spectroscopic tool for both qualitative and quantitative characterization of adhesive/tooth interface specimens. It can provide detailed information about the chemical composition as well as the molecular or structural changes in a specific process, such as the interaction between the acidic monomer and HAp involved in this study. Particularly, micro-Raman spectrometer is able to collect spectra at a high spatial resolution that is comparable to the optical microscopy. This would enable us to evaluate DC and chemical information of the adhesives as a function of distance from the enamel substrate, so that a deeper understanding on the mechanism of chemical interaction could be acquired. In the present work, an un-reactive substrate (glass) was also used as control. By comparing the polymerization performances of the adhesives on reactive (enamel) and un-reactive (glass) substrates, the role of chemical interaction of acidic functional monomer with HAP could be better understood. The research hypothesis tested was that the influence of substrate on the DC of the strong and mild self-etching adhesives would be different.
Materials and methods

Specimen preparation
Six extracted non-carious, un-erupted human third molars were stored at 4°C in phosphate buffered saline (PBS) containing 0.002% sodium azide before use. The teeth were collected after the patients' informed consent under a protocol approved by the University of Missouri Kansas City adult health sciences institutional review board. The occlusal 1/6~1/5 of the tooth crown was removed by means of a water-cooled low-speed diamond saw (Buehler Ltd, Lake Bluff, IL, USA). The teeth were then polished for 10 s to create a flat enamel surface using wetted 600-grit silicon carbide sandpaper. Each prepared enamel surface was subject to light microscope (Eclipse ME600P, Nikon Instruments Inc., Tokyo, Japan) observation to ensure it was free of dentin. The tooth specimens were then sectioned equally perpendicular to the polished surfaces to obtain at least twelve rectangular slabs (7 × 2 × 1.5 mm) by means of a water-cooled low-speed diamond saw (Buehler Ltd, Lake Bluff, IL, USA). Each slab was notched from the middle position of the bottom side opposite to the polished surface. The prepared enamel surfaces were then treated with two self-etching adhesives APLP and AEB (both from 3M ESPE Co., Seefeld, Germany). At least six enamel slabs were employed in each adhesive group. Each adhesive was applied with 15-s agitation, gently air-dried, and light-cured for 10 s (550 mW/cm 2 , Spectrum 800 halogen light, Dentsply International Inc., Milford, DE, USA) with a clear, polyester cover slip (Mylar, 22×22×0.25mm, Fisher Scientific International Inc., Pittsburg, PA, USA) on the top. The use of cover slips was to avoid formation of the oxygen inhibited layer so that the influence of oxygen on the photopolymerization could be excluded. The output of 550 mW/cm 2 was measured by using a visible curing light meter (CURE RITE, EFOS Inc., Williamsville, NY, USA) with a digital display. All of the prepared slabs were stored in an environment that keeps the specimens away from moisture and light for 24 h. To avoid water contamination and potential release of un-reacted monomers during cutting, the slabs were not cut by the water-cooled saw, instead, they were fractured from the notches. The exposed adhesive/ enamel (A/E) interfaces and adhesive layers (approximately 15 μm) were characterized by micro-Raman spectroscopy. As comparison, the two adhesives were also coated on glass slides following the same procedures as above.
Micro-Raman spectroscopy
A LabRam HR 800 Raman spectrometer (Horiba Jobin Yvon Inc., Edison, NJ, USA) using monochromatic radiation emitted by a He-Ne laser (a wavelength of 632.8 nm and excitation power of 20 mW) was employed in this study. It was equipped with a confocal microscope (Olympus BX41), a piezoelectric (PI) XY stage with a minimum step width of 50 nm, and an air-cooled CCD detector of 1024 × 256. The spectra were Raman-shiftfrequency calibrated with known lines of silicon. The laser was focused through a 100× Olympus objective to obtain a beam diameter of ~1 μm. For the specimens cured on enamel, Raman spectra were acquired starting from the a/d interface towards the adhesive layer at a 1-μm interval. For the specimens cured on glass, spectra were collected from the adhesive surfaces in contact with both the glass slide and glass cover slip. All the spectra were obtained over the spectral region of 200-2000 cm −1 and with an acquisition time of 60 s. The degrees of conversion of the adhesives were calculated based on the band ratios of 1640 cm −1 (v of C=C) and 1458 cm −1 (δ of CH). The intensities of these two bands were measured and the change of the band ratios with 1640 cm −1 /1458 cm −1 was monitored. The DC was calculated by the following equation: 12, 13) The band at 960 cm −1 (v 1 PO 4 ) was used to identify the calcium phosphate complexes 14, 15) formed in adhesives as they reacted with dental mineral (using 960 cm −1 /1458 cm −1 for quantitative analysis, 1458 cm −1 as an internal standard band). Two-point baseline and the band area ratio protocol were used to measure the band intensities. Each DC or 960 cm −1 /1458 cm −1 value was determined and averaged based on at least six Raman spectra. DC and 960 cm −1 /1458 cm −1 were analyzed using analysis of variance (one-way ANOVA) together with paired T test (for position dependence of DC and 960 cm −1 /1458 cm −1 values).
Results
Representative Raman spectra of the adhesives APLP and AEB light-cured on glass and enamel were compared ( Figure 1 ). Raman bands at 1640 cm −1 and 1458 cm −1 (indicated in the Figure) were employed to determine the DC of the adhesives. The results showed that relative to the intensity of 1458 cm −1 , the intensity of 1640 cm −1 for APLP light-cured on glass was substantially greater than that light-cured on enamel, indicating a higher unpolymerized, remaining C=C content on glass than on enamel. However, the intensities of 1640 cm −1 of AEB on two substrates were comparable, and both exhibited lower levels than those of APLP. In addition, it was observed that along with the un-polymerized C=C band at 1640 cm −1 , the bands at 1718 cm −1 (v of C=O), 1407 cm −1 (β of -CH), and 845 cm −1 (r of -CH) also displayed higher intensities for APLP light-cured on glass than those on enamel. As a comparison, AEB did not show such significant changes with these bands as different substrates were used. Based on their assignments, the intensity changes of these bands are closely related to the structural adjustment during polymerization. These bands can therefore be employed as other evidence of monomer conversion during polymerization. Figure 1 also displays the Raman spectral comparison in the region of 900-1300 cm −1 , from which the spectral differences associated with phosphate groups could be discerned. The result disclosed that there were some spectral changes within this region, especially at 960, 1035, and 1076 cm −1 (indicated by arrows) between the glass and enamel substrates for both of APLP and AEB. The level of these spectral changes for both adhesives was also apparently different. The intensities of these bands for APLP underwent more significant changes, and reached higher levels than those for AEB. Figure 2 represents the calculated DC values of both adhesives light-cured on glass and enamel, respectively. It could be seen that the DCs of APLP cured on two substrates were dramatically different: 9.4% on glass, 82.0% on enamel. In contrast, the obtained DCs of AEB on both substrates showed no significant difference (both appeared to be ~95-96%). Figure 3 shows the band ratios of 960 cm −1 to 1458 cm −1 (960 cm −1 /1458 cm −1 ) of the adhesives light-cured on two substrates. Both adhesives showed greater 960 cm −1 /1458 cm −1 ratios as light-cured on enamel than those on glass. Moreover, APLP could reach even a higher level of 960 cm −1 /1458 cm −1 ratio than AEB as light-cured on enamel.
To acquire the position dependence of the DCs of the two adhesives, micro-Raman mapping spectra were collected along the adhesive layers. Figures 4a and 4b show representative micro-Raman mapping spectra (in the region of 1350-1850 cm −1 ) of the two adhesives as a function of position from the adhesive/enamel (A/E) interface. Quantitatively, the DC plots of the adhesives within the region of 0-15 μm from the A/E interface are shown in Figure  4c , along with the DC values (represented with the dashed and dotted lines) of the two adhesives light-cured on glass as reference. The result indicated a consistent, descending trend with the DC of APLP, ranging from ~82.0 % to ~51.2 %. In contrast, the DC of AEB remained no significant change as a function of position, and showed a higher level of DC (~96%) than that of APLP (Figure 4c ).
Representative micro-Raman mapping spectra of APLP and AEB in the region of 900-1550 cm −1 are shown in Figures 5a and 5b . The band ratio of 960 cm −1 /1458 cm −1 was calculated as a function of position (0-15 μm) from the A/E interface and is presented in Figure 5c . The result showed that the 960 cm −1 /1458 cm −1 ratio of both APLP and AEB decreased and then gradually leveled off as the position from the A/E interface became greater. However, the level of the 960 cm −1 /1458 cm −1 ratio of APLP exhibited a higher value than that of AEB. In addition, despite of position, the 960 cm −1 /1458 cm −1 ratios of APLP on enamel were significantly higher than that of APLP on glass. For AEB, the difference of the 960 cm −1 /1458 cm −1 ratio between two substrates became insignificant as the distance from the A/E interface was greater than ~6 μm (Figure 5c ).
Discussion
The obtained DC values of the two self-etching adhesives APLP and AEB showed distinct dependence on the substrates. For APLP, its polymerization performance on the glass substrate was surprisingly inferior, represented by a DC of only ~9.4%. However, the DC of APLP could be dramatically elevated to ~82.0% as the substrate was changed from glass to enamel ( Figure 2) . AEB, however, displayed relatively constant DC on both substrates, suggesting much less dependence on substrate than APLP (Figure 2 ). The effect of the substrates on monomer conversion of the strong and mild self-etching adhesives was completely different. The proposed research hypothesis was thus accepted.
Since enamel is considered to be a reactive substrate for both self-etching adhesives, the current result suggested that the influences of the chemical reaction/interaction with enamel on the DC of the two adhesives were significantly different. Raman spectral analysis ( Figure  1 ) provided detailed information about the structural and chemical changes accompanying the self-etching adhesive-enamel interaction. The Raman bands at 960, 1035, and 1076 cm −1 (Figure 1 ) are associated with v 1 PO 4 (960 cm −1 ) and v 3 PO 4 (1035 and 1076 cm −1 ) of calcium phosphate complexes 14, 15) , which were produced from the chemical reaction of acidic monomers of the adhesives with HAp in enamel (formation of monomer-calcium salts). For example, before chemical reaction, the Raman vibration of v 1 PO 4 could be seen in the spectra of both the HAp of enamel and phosphate monomers (of APLP and AEB), but at different wavenumbers: v 1 PO 4 of enamel HAp appeared at 959 cm −1 14, 15) , whilst that of phosphate monomers appeared at 949 cm −1 (for APLP) and 968 cm −1 (for AEB), respectively (Figure 1 ). However, as the chemical reaction between the HAp and phosphate monomer took place, v 1 PO 4 would shift to 960 cm −1 . The 960 cm −1 /1458 cm −1 ratio was used as the measure of the chemical reaction/interaction between acidic monomers and HAp. Comparison of these Raman band ratios for APLP and AEB disclosed that the chemical reaction/interaction of APLP with enamel was more significant than that of AEB ( Figure 3 ).
The reason why chemical reaction/interaction with enamel affects photopolymerization could be explained as follows: it has been reported that the acid-base reaction of the selfetching monomers with amines used in the camphorquinone-based initiators (also used in the APLP and AEB systems) can compromise the initiating efficacy, thus lead to poor polymerization [16] [17] [18] . The highly restrained DC of APLP cured on glass might arise from its low pH (~0.8), which was favorable for the acid-base reaction to consume the amine initiator. However, the chemical reaction with the HAp in enamel would provide a buffering effect 11, 19) to APLP, so that more amine(s) could be "rescued" to achieve a higher DC. Compared with APLP, the other self-etching adhesive AEB is much milder with a pH of only ~2.5, in which case the negative influence of acidity on the initiator system might have been less significant. Therefore, regardless of substrates, achieving a higher degree of monomer conversion became possible in such mild self-etching system AEB. The current result has revealed the close relationship between pHs of self-etch adhesives and their polymerization performances. The pHs of APLP and AEB exerted distinct influences on polymerization by means of generating different extent of chemical reaction with HAp ( Figure 1 ). This significant role of pH (aggressiveness) in determining polymerization of self-etch adhesives should be fully considered in clinical applications.
The influence of the adhesive/enamel chemical interaction on polymerization can be further understood by the resulting position-dependent DCs. Figure 4 depicted that the DC of APLP decreased as the distance from the A/E interface increased. This descending trend was also observed from the plot of 960 cm −1 /1458 cm −1 ratio (as the measure of acidic monomer-HAp chemical reaction/interaction) as a function of position from the A/E interface ( Figure  5 ). The current result suggested that the decreasing chemical reaction/interaction along the adhesive layer might have contributed to the similar decreasing DC. The decreasing chemical interaction was most likely arisen from the less opportunity to react/interact with enamel mineral as the distance from the A/E interface increased. In addition, for APLP, even the lowest 960 cm −1 /1458 cm −1 ratio (at the edge of the adhesive layer with ~15 μm away from the A/E interface) was apparently higher than that obtained on glass (Figure 5c ), which well corresponded to the similarly higher level of DC at the same position on enamel than the DC obtained on glass (Figure 4c ). All of these results clearly demonstrated the importance of chemical reaction/interaction with enamel in improving the DC of APLP. Compared to APLP, AEB exhibited a relatively lower level of 960 cm −1 /1458 cm −1 ratio on enamel (Figure 5c) . Similarly, the improvement of DC on enamel over that on glass was less or not significant (Figure 4c ). This result might be associated with the fact that the chemical interaction of mild self-etching adhesives such as AEB with HAp only took place at the very superficial layer of enamel 20) . Moreover, the chemical interaction of AEB with HAp might have less impact on the DC due to its favorable pH (for polymerization). Consequently, the constant DCs regardless of position and substrates were obtained (Figure 4c ).
It is worth mentioning that although enamel was employed in this study, our current observation should be also applicable to dentin, because both dental substrates consist of HAp that can react with acidic monomers to induce chemical interaction. However, enamel instead of dentin was chosen in this study in order to avoid complexity of the dentin substrates. As a biological composite, dentin consists of inorganic, organic matrices, and water with properties varied dramatically with location. Moreover, the dentinal tubules contain various fluids (mostly water) that inevitably interfere with the polymerization process of adhesives [21] [22] [23] . In particular, the current study involved both strong and mild self-etching adhesives which might demineralize dentin into significantly different depths 20, 24, 25) . The more highly acidic and hydrophilic monomer(s) in the strong adhesive (APLP) might penetrate into not only intertubular dentin but also water-filled tubules, which causing water move outward to influence polymerization of the adhesive. In contrast, the mild self-etching adhesive (AEB) only induces superficial demineralization on dentin with less or no water outflow from dentinal tubules. Therefore, using enamel as a substrate, we would be able to exclude the above-mentioned interfering factors, to investigate the effect of chemical reaction/interaction of different adhesives with dental mineral on photopolymerization. Clinically, both adhesives of APLP and AEB are suggested to be utilized on various tooth substrates including dentin and enamel by the manufacturer (according to technical product profiles of APLP and AEB, 3M ESPE). Therefore, the current result will provide important clinical information regarding their polymerization performance on enamel, given that those data on dentin are widely reported. The current data will be also of interest to the development of universal self-etch adhesives.
The current study has revealed some very interesting and important phenomena regarding photopolymerization of the employed self-etching adhesives, especially, the strong adhesive APLP. Our study indicated that APLP could hardly photo-polymerize on glass, was still in a liquid state after 10-s light-curing. This poor-polymerization phenomenon was never observed previously since the adhesive was always applied onto tooth substrates and lightcured. When applied onto enamel, APLP could photo-polymerize and became a solid layer after the same 10-s light-curing. The current study revealed the involved novel mechanism associated with this distinct polymerization behavior and the importance of acid monomer/ HAp reaction/interaction in polymerization of strong self-etching adhesives. Another phenomenon associated with polymerization of APLP was that 15s-agitation was able to enhance its DC from ~9.4% to ~51.2-82.0%. This was most likely due to the rapid chemical reaction between acid monomer(s) and HAp in enamel. The chemical reaction was carried out throughout the entire adhesive layer rather than only limited to the A/E interface region, which could be verified from the universally higher level of 960 cm −1 /1458 cm −1 ratio at each position of the adhesive layer than that on glass (Figure 5c ). The result also indicates that agitation is necessary during application of strong self-etching adhesives like APLP.
Besides the pH mentioned above, compositional discrepancy of the employed adhesives contributed to the universally higher DC of AEB than that of APLP. AEB contains a more favorable chemical composition for photopolymerization, which includes monomer ratio, corsslinker or filler content, solvent, and photoinitiators. For example, Raman spectral comparison (Figure 1 ) revealed that AEB contains higher amount of BisGMA than APLP, which could be verified by a higher intensity of Raman band at 1608 cm −1 (v of phenyl C=C) for AEB than that for APLP. Due to the high reactivity, BisGMA can produce a cross-linked, three-dimensional resin network 26, 27) , thus more optimized polymerization can be achieved in AEB.
The disclosed chemical interaction-influenced DC of the strong APLP adhesive to a certain extent compromises the "ease of use" property of the self-etching adhesives, since this will inevitably increase the sensitivity of the adhesive, and additional process such as agitation would be necessary in order to obtain better interaction with HAp and therefore a higher DC. However, the current findings might be only limited to the camphorquinone/amine initiator system (used in the current AEB and APLP adhesives), since the involved mechanism was the reaction of amine(s) with acidic monomers. Replacement of the camphorquinone/amine with alternative initiating systems that are not sensitive to acidic monomers could be a possible solution to this issue. In a separate DC study 12) using an earlier generation of APLP, a considerably higher DC of ~93.1% (compared to the current DC of ~9.4%) cured on glass was obtained. It was realized that a non-camphorquinone/ amine initiator system [such as bis-acyl phosphine oxide (BAPO)-based initiator] was employed in that generation of the adhesive 28) . As a result, the initiator did not react with acidic monomers so that the adhesive could reach a higher DC even without chemical reaction with HAp. The absence of the non-camphorquinone/amine initiator in the latest generation of APLP was most likely due to its less optimized other properties. So far, development of new, high-efficacy initiating systems universally for both the strong and mild self-etching adhesives still remains challenging. Currently the investigation is ongoing in our group to find out the influence of functional monomer/HAp chemical interaction on initiating efficacies of different types of initiator systems.
Conclusion
The chemical reaction/interaction of the mild and strong self-etching adhesives with enamel affected their photopolymerization differently. The strong self-etching adhesive APLP showed considerable chemical reaction/interaction with enamel, which significantly improved the DC of APLP as the substrate was changed from un-reactive glass to reactive enamel. As a contrast, AEB exhibited similar DCs on both substrates. Depending on the chemical reaction/interaction with enamel, the DC profile of the APLP and AEB layers also showed different trends as a function of position from the A/E interface. Raman spectral analysis has disclosed detailed information about the involved mechanisms. In terms of clinical relevance, the current results indicate that for the strong self-etching adhesives like APLP, procedures like agitation to permit sufficient chemical reaction/interaction with dental mineral are critical in achieving high DC values. 
